Abstract: Prototypes of individual carbon-nanotube-based nanoposition sensors for detecting approaching, touching, and sliding positions are presented on the bases of the interelectrodedistance-based field emission current change of a nanotube emitter and the resistance change caused by sliding motion of nanotube on an Au substrate. The sensors are constructed by nanorobotic manipulation and featured by their compact sizes, simple structures, and potential high resolutions. A field-emission-based sensor is characterized by the non-contact configuration and is suitable for approximity sensing or as a position detector for other kinds of sensor. The perfect linearity of the resistance of a nanotube sliding on an Au substrate promises very high resolution for distance measurement. The sensitivity of these sensors has been found to be 7 pA per 100 nm and 0.24 nA/nm respectively in experiments. The transient state from emission to transport can be used for a touching sensor, and a 52 pA jump has been detected.
INTRODUCTION
Advancement of nanotechnology is enabling the creation of sensors on nanometre scales [1] . Ultraminiaturized sizes, gigahertz frequency, subnanometre-scale resolution, and ultra-high-integrated sensor arrays among other features will be available from nanosensors for the measurement of ultrasmall and/or ultra-fast physical quantities. Carbon nanotubes (CNTs) [2] [3] [4] [5] are very important nanomaterials for the fabrication of such sensors because of their exceptional properties such as their excellent field emission. To utilize the as-grown nanomaterials in nanosensors, nanorobotic manipulation [6] [7] [8] has been shown to be an effective way for prototyping including the assembly of the sensors and their in situ calibration [9] .
Field emission from conductive emitters has become widely used in many areas of science and technology as an intense source of electrons since Wood's [10] discovery in 1897. An ideal field emitter should be very long and thin, made of conductive material with a high mechanical strength, and be robust, inexpensive and readily processed. CNTs have nanometre diameters, aspect ratios from 10 to 1000, Young's modulus in the terapascal range, extremely low turn-on fields, and high current densities and have been recognized as promising electron field emitters since the first emission experiments were reported in 1995 [11, 12] . Property characterization and applications of single nanotube emitters have demonstrated a family of novel nanodevices [13] [14] [15] .
Here we show an individual nanotube-based multifunctional position sensor that can detect approaching, touching, and sliding of a moving body (with a nanotube emitter as the cathode) against a static body (as the anode). Approaching sensing is based on the distance (between the emitter tip to the anode plate) dependence of the emission current or onset voltage. Touching is detected according to the jump from emission current to transportation current between the electrodes. Sliding position is measured according to the resistance change caused by the length change of the nanotube between the electrodes. These functions can also be separately used for independent sensors; for example, field-emissionbased approaching sensing can also serve for the non-contact position detection for other types of sensor for the measurement of femtogram [16] , piconewton force [17] , and ultra-small mass flow [18] .
DESIGN OF NANOTUBE-BASED
MULTI-FUNCTIONAL NANOPOSITION SENSORS Figure 1 shows the schematic diagram of a nanotube nanoposition sensor for detecting the position during the nanotube approaching, touching on and sliding upon the anode. A carbon nanotube is fixed on a substrate serving as a cathode using a deposit from electron-beam-induced deposition (EBID) with its left end freely suspended. To the left, there is a stepshaped substrate serving as the anode with a coordinate system fixed on the upper right edge. Point A indicates the centre of the hemispherical cap of the nanotube, and X A denotes the coordinate of point A (or contact length) in the above-mentioned coordinate system. The sensor can work in three phases:
(a) approaching or non-contact position sensing (as X A < 0) based on the change in field emission current from the nanotube caused by approaching motion (change in g and G); (b) touching or contacting sensing (as X A ¼ 0) based on the change in current from emission mode to transport mode between the cathode and the anode; (c) contact position or sliding sensing (as X A > 0) based on the resistance change caused by the different effective length of the nanotube contacting between two electrodes.
The step is used for limiting the maximum contact length C max between the anode and the CNT to avoid the adherence of the nanotube to the surface by the van der Waals force. The field emission from a nanotube emitter is governed by the Fowler-Nordheim [19] theory [20] [21] [22] [23] as
where I E is the emission current (A), V the applied voltage (V), È the work function of nanotube tip (eV), r the tip radius of curvature (cm), l the protruding length of emitter (cm), G (¼ l þ g, with g the tip-anode distance) the interelectrode distance (cm), A the emission area (cm 2 ), and
where is a modifying factor determined by local geometric and electronic factors: ¼ G=l.
It can be seen from equation (1) that the emission current changes with the interelectrode gap G as
It can be found from equations (1) and (3) that for the field emission (G > l) in the 'near field', i.e. G % l or ¼ G=l % 1, I E has its maximum values and approximately changes inversely proportionally to G so that a better resolution can be obtained. In a Fowler-Nordheim plot, this means a large inclination (see equation (2) for the coefficient of 1=V ). On the other hand, in a far field as G ) l or ¼ G=l ) 1, the resolution will be worse.
Contact sliding (0 < G 4 l) is somewhat straightforward in principle. Under a constant bias V, the Ohmic transport current I T will change with the interelectrode distance or effective nanotube length G as I T ¼ %Vr 2 =&G (& is the resistivity). At the moment of the tip contacts to the anode, the field emission current is generally different from the transport current I T0 ¼ %Vr 2 =&l; so there will be a jump of current while keeping the bias unchanged, and this phenomenon can be applied to detect touching.
CONSTRUCTION AND CALIBRATION OF NANOTUBE-BASED MULTI-FUNCTIONAL NANOPOSITION SENSORS
CNT sensors have been constructed by assembling individual multi-walled carbon nanotubes (MWNTs) on to an atomic force microscope cantilever serving as a cathode, and positioning it against an anode plate through nanorobotic manipulation [9, 15] . Nanotubes are grown with standard arc discharge process. Figure 2 shows a typical example. An MWNT is soldered on to an atomic force microscope cantilever via EBID [24] by introducing W(CO) 6 as precursors [25] . The MWNT is 15 nm in diameter and has a 2.26 mm protruding length. Under a 150 V constant bias voltage, the emission current has been found to change with the interelectrode distance G, as shown in Fig. 3 . The measurement has been performed in a vacuum chamber with a pressure of 10 ÿ4 Pa at room temperature using a picoammeter with a 1 pA resolution connected via a feedthrough on the scanning electron microscope vacuum chamber. For example, the current is 75 pA when the distance is 100 nm and is 24 pA when the gap is 800 nm. When the gap is lager than 900 nm, the field emission current disappears. After experiment, no degradation of the CNT emitter has been found. This has been confirmed by comparing the onset voltages of a sequence of measurements and the shapes of the I-V curves and the lengths of the emitter with high-resolution scanning electron microscopy images before and after the measurement. By fitting the emission current at g ¼ 100 nm, an estimated value of A is obtained from equation (1) giving the work function of 5 eV. Supposing that A does not change with the tip-anode distance in the 'near field', a theoretical curve is drawn as shown in Fig. 3 . It can be found that the least mean square error between the theoretical and experimental emission current to tip-anode distance is about 6 pA for every 100 nm. When the distance is smaller than or equal to 500 nm, it will be 4 pA per 100 nm and, when the distance is larger than 500 nm, it will be 8 pA per 100 nm. The increase in error suggests a better resolution in the 'near field'. In the far field, A will become larger, which causes the increase in difference. The average sensitivity is about 7 pA per 100 nm. The drift of the measured current has been found to be around 10 pA, which gives an average resolution of 10 pA for every 7 pA per 100 nm, i.e., about 143 nm. For a tipanode distance smaller than or equal to 500 nm, the sensitivity will be 11 pA per 100 nm (resolution, 90 nm) but, for a tip-anode distance larger than 500 nm, this will be 1 pA per 100 nm (resolution, 1 mm).
The resolution of this field-emission-based proximity nanosensor is much lower than its macrosized counterparts. The ultra-small size and the possibility of sensing the touching and touching depth with a single sensor, which, however, are beyond other types of sensor including capacitive proximity sensing, should be emphasized here. Most important, a recent investigation on the field emission of CNTs has shown that the current can be stabilized by, for example, baking the tubes; hence, a higher resolution of this sensor can be expected.
For testing the feasibility of sliding motion of a nanotube-based position sensor, a prototype has been constructed. Figure 4(a) shows a CNT fixed on a probe at its right-hand end through EBID with the left-hand end contacting to an Au substrate. To avoid the possibilities that the nanotube adsorbs and fixes on to the substrate by van der Waals forces or that the nanotube buckles, the contact length is adjusted by using a step-like substrate as shown in Fig. 1 . To indicate the position of the tip of the nanotube A (the centre of the cap), a coordinate system is fixed on the edge of the substrate (see Fig. 1 ). Figure 4(b) shows the minimum interelectrode distance (about 50 nm). The probe and the substrate serve as electrodes. By detecting the change in the current under a constant bias voltage, the length change of the nanotube between the substrates or the position of the nanotube tip A, X A , can be obtained. In the experiment, an Au-coated step-like substrate has been adopted as shown in Fig. 4(a) . The contact length is about 360 nm. The contact resistance is very large but the change in the contact resistance has been found to be very small, according to our experiments. The van der Waals force may play an important role in maintaining the contact.
The relation between the tip position of the nanotube, X A , and the current under a 10 V constant bias voltage is depicted in Fig. 5 . The region X A < 0 to X A ¼ 0 as shown in Fig. 5 (see the inset for details) shows the state before the tip comes into contact to the substrate, whereas the region X A > 0 shows the contact state. The transient state with a 52 pA jump of current indicates that the sensor can be used as a nano-touch sensor.
The sensitivity of the sliding mode is found to be 0.24 nA/nm or 715 k/nm. This is much better than the field emission phase. The excellent linearity also suggests that it is simple to calibrate and apply.
CONCLUSIONS
Prototypes of individual CNT-based position sensors have been presented on the bases of the field emission and the sliding on an Au substrate of a nanotube. The sensors have been assembled by nanorobotic manipulation and EBID. Their main features are their nanometre sizes and potential high resolution. A field-emission-based sensor is characterized by the non-contact configuration and is suitable for an approximate sensor or as a position detector for other types of sensor. The sensitivity of an emissioncurrent-based sensor has been found to be 7 pA per 100 nm in a vacuum chamber with a pressure of 10 ÿ4 Pa at room temperature. Higher resolution will be available by stabilizing the emission in a higher vacuum and at a lower temperature. The perfect linearity of the resistance of a nanotube sliding on an Au substrate demonstrates its high sensitivity. Experimental data show that 0.24 nA/nm is possible. A combination of these two sensors can realize the approaching prediction, touch detection, and position (depth of touching) measurement after touching. Relation between the tip position of a nanotube and the current under 10 V constant bias. The region from less than 0 to 0 as shown also in the inset demonstrates the state before the tip contact to the substrate, whereas that the region >0 shows the contact state
